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INFLAMMABILITY  OF  MIXTURES  OF  GASOLINE  VAPOR 

AND  AIR. 


By  G.  a.  Burrell  and  H.  T.  Boyd. 


INTRODUCTION. 

This  paper,  which  is  published  by-  the  Bureau  of  Mines  as  one  of 
its  pubhcations  on  safety  and  efficiency  in  the  use  of  fuels,  deals  with 
the  inflammable  limits  of  mixtures  of  gasoline  vapor  and  air  and  the 
methods  of  determining  the  content  of  gasohne  vapor  in  such  mix- 
tures, matters  of  importance  in  ascertaining  the  risks  involved  in  the 
storage  and  use  of  gasoline. 

METHOD  OF  DETERMINING  GASOLINE  VAPOR  IN  MIXTURES. 

One  of  the  methods  employed  in  determining  the  content  of  gaso- 
line vapor  was  essentially  the  same  as  that  used  by  the  bureau  to 
determine  the  content  of  benzene  in  artificial  illuminating  gas,'^  except 
that  lower  temperatures  were  used.  Briefly  stated,  this  method  con- 
sists in  introducing  the  mixture  of  gasoline  vapor  and  air  into  a  glass 
vessel  at  atmospheric  pressure,  cooling  it  by  means  of  liquid  air,  and 
then  withdrawing  the  air  with  a  vacuum  pump.  The  stopcock  on 
the  liquefaction  bulb  is  closed,  and  the  liquid  air  removed,  thereby 
allowing  the  gasoline  to  vaporize.  The  pressure  of  the  gasoline  vapor 
is  then  read  by  means  of  a  manometer  attached  to  the  liquefaction 
bull). 

G.  A.  Hulett,  consulting  chemist  of  the  Bureau  of  Mines,  suggested 
to  the  authors  this  method  of  analysis  for  determining  water  vapor 
in  air,  and  it  was  easily  applied  to  benzene  vapor,  gasoline  vapor,  or 
other  vapors  in  air.  The  chief  requirement  is  that  the  vapor  be 
cooled  to  such  a  temperature  that  its  pressure  is  practically  zero. 
The  investigations  showed  that  the  temperature  of  solid  carbon  diox- 
ide and  acetone  (about  —  78°  C),  although  low  enough  to  retain  ben- 
zene (boiling  point,  80°  C),  was  not  low  enough  to  retain  the  gasoline 
used  by  the  authors,  which  had  a  specific  gravity  at  15°  C.  of  0.689 
•  (73.2°  B.). 

0  Burrell,  G.  A.,  Seibert,  F.  M.,  and  Robertson,  I.  W.,  Analyses  of  natural  gas  and  illuminating  gas  by 
fractional  distillation  at  low  temperatures  and  pressures:  Tech.  Paper  104,  Bureau  of  Mines.  1915,  41  pp., 
"figs. 
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6  IXFLAMMABILITY    OF    GASOLIXE. 

GASOLINE  FRACTIONS  AT  DIFFERENT  TEMPERATURES. 

The  following  fractionation  analysis  made  by  E.  W.  Dean  of  the 
petroleum  laboratory  of  the  Bureau  of  Mines  shows  the  fractions 
obtained  at  different  temperatures.  Two  hundred  grams  of  the  gas- 
oline was  distilled  in  an  unjacketcd  glass  flask  at  the  rate  of  two  to 
three  drops  per  second. 

Besulls  of  fractionation  analysis  of  gasoline. 

Temperature,  °C.:  by'^wdg'ift* 

50 0.  9 

50-60 9.  0 

60-70 14.  5 

70-80 11.  4 

80-90 13.  8 

90-100 12.  9 

100-110 10.  9 

110-120 7.  3 

120-130 -. 4.  9 

130-140 3.  2 

Residue 2.  7 

Total 94.  5 

Loss 5.  5 

As  stated  before,  experiments  by  the  authors  have  shown  that 
although  benzene  (boiling  point,  80°  C.)  can  be  retamed  at  a  temper- 
ature of  —  78°  C,  the  gasoUne  vapor  can  not.  The  above  fractiona- 
tion analysis  shows  why.  A  considerable  part  of  the  gasoline  boils 
at  temperatures  lower  than  80°  C;  hence  a  temperature  that  will 
retain  benzene  vapor  will  not  necessarily  retain  the  gasoline  vapor. 

As  a  temperatm-e  lower  than  that  of  solid  carbon  dioxide  and 
acetone  had  to  be  used,  the  authors  found  it  expedient  to  use  the 
temperature  of  liquid  air,  because  liquid  air  has  to  be  used  and  time 
consumed  in  obtaining  temperatures  between  those  of  soHd  carbon 
dioxide  and  liciuid  air. 

METHOD    OF    DETERMINING    GASOLINE    VAPOR    IN    GASEOUS 

MIXTURES. 

Figure  1  shows  the  apparatus  for  the  gasoline-vapor  determination. 
The  bulb  a  contains  phosphorus  pentoxide  for  removing  water  vapor. 
If  the  latter  were  not  removed  it  would  also  be  retained  at  low  tem- 
peratures and  would  subsequently  exert  pressure  when  measurement 
was  being  made  of  the  pressure  exerted  by  the  gasoline  vapor. 

To  start  a  determination  the  apparatus  is  connected  to  a  vacuum 
pump  and  its  air  exhausted.     The  mixture  of  gasoline  vapor  and  ' 
air  is  then  introduced  at  atmospheric  pressure,  the  barometer  is  read, 
and  the  two  bulbs  are  immersed  in  liquid  air  contained  in  a  Dewar 
flask.     ^Vfter  about  10  minutes,  the  air  is  removed  from  the  apparatus 


EAELY   EXPERIMEXTS   BY   AUTHORS. 


TV)  res  wa/' 


with  a  vacuum  pump.  The  stopcock  on  the  apparatus  is  then  closed, 
the  Hquid  air  removed,  the  gasoline  al- 
lowed to  vaporize,  and  its  pressure  read 
on  the  mercury  manometer  attached  to  the 
apparatus.  The  ratio  of  this  pressure  to 
the  pressure  of  the  atmosphere  gives  the 
percentage  of  gasoline  vapor  originalh'  in 
the  air. 

EARLY  EXPERIMENTS  BY  AUTHORS. 

The  first  work  of  the  authors  in  analyz- 
ing mixtm'es  of  gasoline  vapor  and  air  was 
performed  by  burning  the  gasoline  vapor 
with  air  or  oxygen,  measuring  the  contrac- 
tion in  volume  and  carbon  dioxide  pro- 
duced, and  from  the  data  obtained  calculat- 
ing the  percentage  of  gasoline.  The  results 
obtained  in  the  combustion  analysis  by 
calculating  the  data  as  pentane  checked 
very  well  with  the  results  obtained  by  sepa- 
rating the  gasoline  vapor  with  liquid  air. 
In  other  words,  the  pentane  was  distilled 
in  largest  quantity  at  first  when  the  gaso- 
line was  exposed  to  the  air.  Pentane  re- 
acts with  oxygen  as  follows:  C5Hi2  +  S02  = 
5CO2  +  6H2O.  The  contraction  is  4  volumes 
and  the  carbon  dioxide  5  volumes.  Hence 
the  carbon  dioxide  produced  by  burning  a 
sample  of  a  mixture  of  gasoline  vapor  and 
air  can  be  divided  by  5  to  obtain  the  gaso- 
line vapor  present;  or  the  contraction  can 
be  divided  by  4.  The  authors  used  the  first 
method  in  obtaining  the  data  presented  in 
this  paper. 

The  table  following  shows  the  data  ob- 
tained by  burning  the  mixtures  of  gasoline 
vapor  and  airinoxygen,  and  by  separating 
the  gasoline  vapor  with  liquid  air.  It  will 
be  observed  that  the  combustion  data, 
that  is,  the  contraction  and  COj  determi- 
nations, agree  closely  with    the    reaction  ^*»=**^ 

,,      ,  ,  ,  ,  .   -     Figure  1.— Apparatus  for  determining 

that     occurs    when     pentane    reacts    with      gasolino  vapor  in  air.    a,  Xlu-ei^way 

oxvgen.     In  other  words,  the  constituents     ^'^^''  ^'  I'auifying  buib;  c,  buib  con- 

,,",  ■ij'  ,1  T  •  taining    phosphorus    pentoxide;    d, 

that    evaporated    irom    the    gasolme   in     pressure  gage. 
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greatest  quantity  were  the  peutanes.  Heavier  hydrocarbons  that 
distil  from  gasoline  can  also  be  calculated  from  the  carbon  dioxide 
and  contraction  produced. 

Results  of  liquid-air  separations  and  combustion  analyses  of  mixtures  of  gasoline  vapor 

and  air. 

LIQUID-AIR    SEPARATION. 


Item. 

Sample  No. 

1 

2 

3 

4 

Barometric  pressure,  mm.  Hg 

Partial  pressure  of  gasoline  vapor,  mm.  Hg 

744 

8 

O1.08 

748 

19 

&2.40 

744 

23 

C3.09 

744 
C7 

Percentage  of  gasoline  vapor 

d9.04 

COMBUSTION  ANALYSIS. 

Volume  of  sample  taken,  c.  c 

Oxygen  added,  c.  c 

Total  volume,  c.  c 

Volume  after  combustion,  c.  c 

Contraction,  c.  c 

Volume  after  KOH  absorption,  c.  c. 

CO2  produced,  c.  c 

Percentage  of  gasoline  vapor 


50.60 

46.80 

34.58 

40.10 

46.80 

51.16 

90.70 

93.60 

85.74 

88.55 

88.65 

81.47 

2.15 

4.95 

4.27 

85.85 

82.46 

76.18 

2.70 

6.19 

5.29 

el.  07 

/2.65 

fl3.07 

28.89 
72.44 
101.33 
90.75 
10.58 
77.97 
12.78 
»  8.  S6 


°  8X100 
744 
6  19X100 

748. 


c  23X100 

744 
dG7X100 


e  2.  70X 100 

5X50.6 

/  6. 19X100 

5X46.80 


g  5.29X100 
5X34.58 
M2.78X100 
5X28.89 


In  preparing  mixtures  of  gasoline  vapor  and  air  for  the  inflamma- 
bihty  experiments,  the  air  was  shaken  with  the  gasoline  to  saturation 
in  a  2,400-c.  c.  bottle,  and  then  enough  of  the  stock  mixture  was 
withdrawn  from  the  bottle  and  diluted  with  air  to  form  a  d(^sired 
mixture.  The  latter  was  always  analyzed  prior  to  exploding  it. 
No  precaution  was  taken  to  remove  water  vapor. 

TESTS  WITH  HEMPEL  EXPLOSION  PIPETTE. 


IGNITION   AT   TOP. 

The  mixtures  were  first  tested  in  a  Hempel  explosion  pipette  of 
100-c.  c.  capacity,  mercury  being  used  as  the  confining  fluid.  Near 
the  top  of  the  pipette  two  platinum  wires  entered,  across  which  a 
spark  was  made  to  jump  by  means  of  an  induction  coil  driven  by 
five  dry  cells.  Inflammation  was  deemed  complete  when,  upon 
ignition  of  the  mixture,  flame  filled  the  vessel  as  far  as  could  be  judged 
by  the  eye.     The  results  follow: 


TESTS    WITH    HEMPEL   EXPLOSIOX    PIPETTE, 
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Results  of  infla  nun  ability  tests  of  mixtures  of  gasoline  vapor  and  air. 


Percent- 

Percent- 

Test 
No. 

age  of 
gasoline 
vapor. 

Remarks. 

Test 
No. 

age  of 
gasoline 
vapor. 

Remarks. 

1 

1.8 

No  visible  result. 

8 

2.0 

Complete  inflammation. 

2 

1.9 

Do. 

9 

2.1 

Do. 

.3 

1.9 

Do. 

10 

2.1 

Do. 

4 

1.9 

Do. 

11 

0   9 

Do. 

5 

1.9 

Do. 

12 

2.2 

Do. 

G 

2.0 

Complete  inflammation. 

14 

3.2 

Do. 

7 

2.0 

Do. 

Do. 

According  to  the  results  tabulated  above,  complete  inflammation 
occurred  when  the  mixtures  contained  between  1.9  and  2.0  per  cent 
of  gasoline  vapor.  Mixtures  containing  less  gasoline  vapor  of  course 
underv\^ent  some  slight  burning  next  the  spark,  but  there  was  no 
appreciable  propagation  of  flame  in  them. 

The  followmg  results  of  experiments  show  the  upper  Hmit  of 
complete  inflammation  of  mixtures  of  gasolme  vapor  and  air  as 
determined  by  the  use  of  the  Hempel  pipette,  with  spark  ignition 
at  the  top. 

Results  cf  experiments  to  determine  upper  limit  of  inflammability  of  mixtures  of  gasoline 
vapor  in  air,  in  Hempel  pipette;  spark  ignition  at  top. 


Test 
Ko. 

Percent- 
age of 

gaso'.iue 
vapor. 

Remarks. 

Test 
No. 

Percent- 
age of 

gasoline 
vapor. 

Remarks. 

1 
2 
3 
4 
5 

3.5 
l.S 
5.0 
5.2 
5.3 

Complete  inflammation. 

Do. 

Do. 

Do. 
Incomplete  inflammation. 

6 

7 
8 
9 
10 

5.4 
5.9 
6.0 
6.1 
6.1 

Incomplete  inflammation. 
Do. 
Do. 
Do. 
Do. 

According  to  the  above  tests  the  upper  limit  hes  between  5.2  and 
5.3  per  cent  of  gasolme  vapor.  With  more  than  5.3  per  cent  there 
vv^as  some  burning  above  the  spark;  for  instance,  with  5.4  per  cent 
the  flame  completely  fiUed  the  small  space  (about  3  c.  c.)  above  the 
spark  but  did  not  extend  below  it. 

IGNITION   AT    BOTTOM. 

In  order  to  obtain  data  regarding  the  influence  of  the  position  of 
the  igniting  spark  on  the  limits  of  inflammability,  experiments  were 
next  conducted  under  the  same  conditions  as  for  those  just  discussed, 
except  that  the  igniting  spark  was  placed  at  the  bottom  of  the  explo- 
sion vessel.     The  results  follow: 

Results  of  experiments  to  determine  the  low  limit  of  inflammability  of  mixtures  of  gasoline 

vapor  and  air;  igniting  spark  at  bottom  of  the  pipette. 


Test 
No. 

Percent- 
age of 

gasoline 
vapor. 

Remarks. 

Test 
No. 

Percent- 
age of 

gasoline 
vapor. 

Remarks. 

1 
2 
3 
4 

2.15 
2.00 
1.94 
1.78 

Complete  inflammation. 

1)0. 

Do. 
Do. 

5 
f. 

1.73 
1.02 
1.50 

Complete  inflammation. 

1)0. 

No  inflammation. 

95822°— 15- 
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iVU  of  these  mixtures  were  analyzed  before  and  after  explosion. 
The  gasohne  used  had  a  specific  gravity  of  73°  B.  ^ 

Some  flame  occurred  near  the  spark  in  the  mixture  containing, 
accordmg  to  analysis,  1.50  per  cent  of  gasoline,  but  the  combustion 
was  mcomplete  as  only  about  0.3  per  cent  of  CO,  was  /ormed. 

The  experiments  m  the  Hempel  explosion  pipette,  fired  from  below, 
showed  a  low  limit  between  1.5  and  1.6  per  cent  gasoline  as  against 
1.9  to  2  per  cent  when  the  mixture  was  fired  from  above.  They 
also  furnished  a  good  check  on  the  low  limit  of  1.4  to  1.5  per  cent 
obtained  in  experiments  in  a  2,800  c.  c.  bottle,  which  are  discussed 
m  a  subsecjuent  section.  There  is  a  difference  of  only  0.1  per  cent. 
The  results  tend  to  show  that  under  the  same  conditions  the  gi-eater 
initial  impulse  that  was  obtained  by  using  the  large  flash  had  almost 
no  effect  upon  the  low  limits  of  complete  propagation  of  flame,  as 
practicaUy  the  same  results  were  obtained  by  a  very  smaU  spark  from 
an  induction  coil  as  by  a  large  flash  from  drawing  apart  two  heavy 
copper  wires  carrying  220  volts  and  6  amperes  cuiTent. 

EXPERIMENTS  WITH  A  2,800  C.  C.  VESSEL. 

Experiments  were  next  tried  with  a  vessel  of  larger  capacity 
than  the  100  c,  c.  Hempel  pipette,  the  new  vessel  having  a  capacity 
of  2,800  c.  c.  It  was  12  mches  (30  cm.)  high  and  5  inches  (12.7  cm.) 
m  diameter.  Meeting  near  the  bottom  of  the  jar  were  two  copper 
"wires  through  which  an  electric  current  of  6  amperes  at  220-volt 
pressure  could  be  passed.  A  flash  was  produced  by  drawing  these 
wires  apart  when  current  was  flowmg.  The  following  results  show 
the  low  hmits  of  complete  inflammation  as  determined  in  this  vessel: 
Results  of  inflammability  tests  in  2,800-c.  c.  vessel,  showing  loio  limits  obtained. 


Test 
No. 

Percent- 
age of 

gasoline 
vapor. 

Remarks. 

Percent- 
Test       age  of 
No.      gasoline 
vapor. 

Remarks. 

1 

2 
3 

1.4 
1.5 
1.5 

Incomplete  inflammation. 
Complete  inflammation. 

4  2.3 

5  2.5 

1          C.              2.8 

Complete  inflammation. 
Do! 

According  to  the  above  results,  the  low  limit  of  complete  inflam- 
mation lies  between  1.4  and  1.5  per  cent  of  gasoline  vapor.  With 
1.4  per  cent  of  gasoline  vapor  a  tongue  of  flame  about  1  inch  at  tho 
base,  tapering  to  a  cone,  extended  half  tkrough  the  vessel. 

The  following  data  show  the  high  hmits  determined: 
Results  of  inflammability  tests  in  2,S00-c.  c.  vessel,  showing  high  limits  obtained. 


Test 
No. 

Percent- 
age of 

gasoline 
vapor. 

Remarks. 

Test 
No. 

Percent- 
age of 

gasoline 
vapor. 

Remarks. 

1 
2 

1 
6.0     Complete  inflammation. 
6.4     Incomplete  inflammation. 

3 
4 

6.5 
6.6 

Incomplete  inflammatiou. 
Do. 

IXFLAMMABLE    LIMITS    OF    CLEAXERS      XAPHTHA. 
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According  to  the  above  results,  the  high  limit  of  complete  inflam- 
mation lies  between  6.0  and  6. -4  per  cent  of  gasoline  vapor. 

In  commenting  upon  the  difference  obtained  by  the  two  methoils 
of  experimentation,  it  might  bo  added  that  the  investigators  of  the 
Bureau  of  Mines  and  others  have  found  that  lower  Imiits  are  ob- 
tained when  ignition  is  effected  from  the  bottom  upward.  In  the 
latter  case  the  heated  convection  cmTents  seemmgly  rise  faster  than 
the  flame  does,  and  transmit  heat  to  the  unburned  gases  prior  to  their 
ignition  by  the  flame.  As  a  consequence  the}"  receive  more  heat  than 
when  ignition  is  effected  from  the  top,  and  the  mixture  inflames  witli 
smaller  percentages  of  gas  present.  Another  point  brought  out  bj 
different  experimenters  is  that  in  small  vessels  the  cooling  influence 
of  the  walls  exerts  a  marked  effect  in  fixing  the  limits.  For  instance^ 
tubes  may  be  of  such  small  bore  and  hence  the  coolmg  influence  of 
the  walls  so  great  that  flame  is  not  transmitted  at  all  in  them.  Again, 
sparks  may  be  so  minute  as  not  to  ignite  the  most  inflammable  mix- 
tures. In  such  a  case  the  temperature  of  the  spark  may  be  quite 
above  the  ignition  temperature  of  the  gases,  but  its  duration  may  be 
so  short  that  the  heat  is  dissipated  before  the  gases  can  be  raised  t» 
their  ignition  temperature. 

INFLAMMABLE  LIMITS  OF  CLEANERS'  NAPHTHA. 

Further  experiments  were  made  to  determine  whether  the  inflam- 
mable limits  of  gasolme-air  mixtures  differed  for  gasoline  of  different 
grades;  that  is,  whether  the  low  limit  as  determmed  for  gasoline 
havmg  a  specific  gravity  of  73°  B.  was  different  from  the  low  limit 
of  a  gasoline  having  a  specific  gravity  of,  say,  59°  to  60°  B.  The 
gasolme  used  hi  the  experiments  represented  in  the  followmg  tabu- 
lation was  what  is  known  as  cleaners'  naphtha,  havmg  a  specific 
gravity  of  59°  to  60°  B.  The  2,800-c.  c.  explosion  vessel  previously 
described  was  used. 

Results  of  tests  to  determine  low  limit  of  complete  inflammation  of  mixtures  of  air  andi§ 
gasoline  vapor  from  gasoline  having  a  specific  gravity  of  50°  to  60°  B. 


Test 
No. 

Percent- 
age of 

gasoline 
vapor. 

Remarks. 

Test 
Ko. 

Percent- 
age of 

gasoline 
vapor. 

Remarks. 

1 
2 
3 
4 
5 
6 

2.4 
2.3 
2.1 
2.0 
l.S 
1.7 

Complete  inflammation. 
Do. 
Do. 
Do. 
Do. 
Do. 

7 
8 
9 
10 
11 

1.5 
1.5 
1.5 
1.4 
1.4 

Complete  inflammation. 

1)0. 

Do. 
Incomplete  inflammation. 
Do. 

According  to  the  results  given  m  the  foregomg  table  complete  in- 
flammation, as  observed  by  the  eye,  took  place  hi  a  mixture  contain- 
ing 1.5  per  cent  of  gasoline  vapor.     When  a  mixture  analyzing  1.4 
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per  cent  was  ignited,  inflammation  was  incomplete,  the  flame  lack- 
ing 6  cm.  of  extending  to  the  top  of  the  ex])losion  vesseL 

It  was  impossible  to  obtain  a  mixture  contauimg  too  much  gasolhie 
vapor  to  explode  at  the  temperature  of  the  laborator}- — 21°  C.     The 

highest  mixture  obtaina- 
l)le,  4.6  per  cent  of  gaso- 
line vapor,  completely  m- 
flamed.  In  other  words, 
the  vapor  pressure  of  this 
particular  naphtha  at  20°  C. 
is  740  times  0.046,  ecpials 
33  mm.  of  mercury.  It 
would  have  been  possible, 
of  com'se,  by  maintaming 
higher  temperatures  all 
tlu'ough  the  experiment,  to 
have  obtained  mixtures  of 
higher  gasoline-vapor  con- 
tent. 

EFFECT  OF  HIGH  INITIAL 
TEMPERATURES  IN 
SHIFTING  LOW  LIMIT. 

It  is  interesting  to  con- 
sider the  effect  of  high 
temperatm*o  and  pressure 
to  which  mixtures  of  gaso- 
line vapor  and  air  are 
subjected  in  the  cyhnders 
of  internal-combustion  en- 
gmes.  A  pressure  of  about 
70  pounds  per  square  inch 
is  reached  before  ignition. 
The  temperature  resulting 
is  high   because   on   com- 

FiGURE  2.— Apparatus  for  Uelermining  ellect  of  increase  of  prCSsiouto  about  90  pOUuds 
initial  temperature  on  low  limit  of  inflammation  of  mix-  -pop  SflUare  ilich  Drei^nition 
tures  of  gasoline  vapor  and  air.  ^  \  ir        o 

sometimes  occure. 
The  Bureau  of  Mines  found  in  experimenting  with  mixtures  of  me- 
thane and  air  "  that  when  the  initial  temperature  was  500°  C,  the 
low  hmit  of  complete  inflammation  was  abput  3.75  per  cent.  At 
orcUnary  temperature  under  the  particular  experimental  conditions 
adopted  the  low  limit  was  5.50  per  cent.     Initial  pressures  up  to  5 


Mil  l|Ji 
til    ^ 


"  Bnrrell,  G.  A.,  and  Oberfell,  G.  G.,  The  limits  of  inflaramal)ili;  y  of  mixtures  of  methane  and  air:  Tech. 
Taper  119,  Bureau  of  Mines  (in  press). 
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atmospheres  at  ordinary  temperatures  made  no  difference  in  the 
limits. 

In  dealing  with  mixtures  of  gasoUne  vapor  and  air,  it  was  also  found 
that  increasing  the  initial  temperature  before  ignition  lowered  the 
low  limit  appreciably.  Experiments  were  conducted  with  the 
apparatus  sho"v\ai  in  figure  2.  In  the  figure  the  explosion  pipette 
is  shown  at  a.  It  had  a  capacity  of  100  c.  c.  Platinum  wires  were 
fused  in  the  lower  part.  A  spark  from  an  induction  coil,  driven  bv 
four  dry  cells,  was  used  to  ignite  the  gas  mixtures.  An  electrically 
heated  oven,  d,  surrounded  the  explosion  pipette  a.  The  temperatures 
were  measured  by  a  Pt-PtRh  thermocouple.'*  Transparent  mica 
plates  were  used  to  close  the  upper  end  of  the  oven  in  order  to  observe 
the  effects  of  sparking  the  mixtures.  At  h  is  shown  a  reserve  pipette 
of  200-c.  c.  capacity  fastened  to  the  explosion  pipette  by  means  of 
pressure  tubing. 

The  apparatus  was  made  ready  for  use  by  raising  the  leveling 
bottle  c,  thereby  completely  filling  the  pipettes  a  and  h  with  mercury. 
The  leveling  bottle  was  next  lowered  until  all  the  mercury  had  fallen 
from  a,  leaving  a  vacuum  therein.  The  stopcock  between  the  two 
pipettes  was  then  closed.  The  required  gas  mixture  was  then  drawTi 
into  6  through  the  free  end  of  the  stopcock,  and  the  oven  was  heated 
to  the  desired  temperature,  whereupon  the  gas  mixture  was  intro- 
duced into  a  and  sparked  after  two  seconds  had  elapsed.  The  flame 
produced,  if  any,  was  observed  and  the  products  of  combustion 
analyzed. 

Preliminary  experiments  were  performed  with  a  thermocouple 
inserted  in  the  explosion  vessel  a  to  determine  the  time  required  for 
the  gas  after  it  had  been  introduced  into  the  evacuated  bulb  to  reach 
the  temperature  of  the  oven.  It  was  found  that  tliis  took  place  within 
two  seconds  after  the  introduction  of  the  gas. 

The  table  following  shows  the  shifting  of  the  low  limit  as  the 
initial  temperature  was  increased.  The  gasoUne  had  a  specific 
gravity  of  73°  B.,  the  same  as  that  with  which  the  first  experiments 
were  made.     Ignition  was  from  the  bottom  upward. 

Results  of  tests  to  determine  effect  of  increase  of  initial  tc7nperature  on  low  limit  of  in- 
flammation of  mixtures  of  gasoline  vapor  and  air. 


Tem- 
pera- 
ture. 

Percentages 
of  gasoline 
vapor  Ije- 

tweeu  wliich 

low  limit 

lies. 

Results  of  tests  according  to  analyses  of  mixtures  after  expbsion. 

°  C. 

23 

200 

300 

400 

1.  .50-1. 62 
1.42-1.50 
1.22-1.28 
1.02-1.22 

Complete  inflammation  with  1.50  per  cent. 
Complete  inlUunmation  with  1.50  per  cent. 
Complete  indammation  with  1.2.S  per  cent. 
Complete  iiillammation  at  1.22  per  cent. 

1  This  thermocouple  was  calibrated  by  J.  K.  Clement,  physicist  of  the  bureau. 
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The  results  presented  in  the  above  table  show  that  with  increasing 
temperature  the  lower  limit  was  shifted  until,  with  an  initial  tempera- 
ture of  400°  C,  the  limit  was  between  1.02  and  1.22  per  cent  of 
gasoline  vapor.  A  mixture  containing  1.00  per  cent  of  gasoline  vapor 
did  not  explode  when  it  was  heated  to  500°  C.  just  prior  to  ignition, 
but  when  it  was  allowed  to  stand  for  one-haK  hour  at  this  temperature 
without  application  of  a  spark  it  completely  burned.  At  just  what 
time  during  the  half-hour  interval  combustion  was  complete  was  not 
determined. 

The  lowering  of  the  low  limit  as  the  initial  temperature  is  increased 
is  owmg  to  the  fact  that  the  higher  the  initial  temperature  the  less 
heat  will  be  recpiired  to  raise  the  temperature  of  a  given  mass  of  the 
gas  to  the  ignition  temperature,  and  consequently  the  smaller  is  the 
heat  of  combustion  and  the  percentage  of  gasoUne  vapor  required 
to  furnish  this  quantity  of  heat. 

PRODUCTS    OF   INCOMPLETE    COMBUSTION   OF   MIXTURES    OF 
GASOLINE  VAPOR  AND  AIR. 

Of  interest  in  connection  with  the  products  of  combustion  of  mix- 
tures of  gasoline  vapor  and  air  in  internal-combustion  motors,  are 
experiments  the  authors  performed  on  these  products  on  a  labora- 
tory scale.  The  mixtures  were  exploded  in  a  Hempel  pipette.  After 
each  explosion  in  the  Hempel  pipette,  the  products  of  combustion 
were  withdrawal  and  examined. 

The  table  following  shows  the  percentage  of  gasoline  vapor  in  the 
mixtures,  prior  to  ignition,  and  the  products  of  the  explosions: 

Results  of  experiments  to  determine  products  of  combustion  of  mixtures  of  gasoline  vapor 

and  air. 


Products  of  combustion. 

Percent- 
age of 

Number 

gasoline 

Other 

of  test. 

prior  to 

combus- 

CO2 

CnU^n 

O2 

CO 

I^: 

t  ible  pas, 

N2 

plosion. 

chiefly 
Clh. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

1 

5.0 

2.8 

1.3 

9.0 

8.4 

5.8 

2 
3 
4 

■1.1 
3.0 
3.0 

5.2 
7.0 
11.4 

.0 

.0 
.0 

3.4 
1.7 

1.4 

14.0 
11. 0 
4.1 

10.3 

0.8 
.5 

0.1 

S2.0 

5 

2.7 

12.1 

.0 

.0 

2.5 

.1 

.1 

>^I.O 

6 

2.0 

12.9 

.0 

.0 

1.8 

.3 

.1 

St.  4 

7 

2.5 

13.  S 

.0 

2.S 

.0 

.0 

.1 

s:i.  3 

8 

2.  1 

13.0 

.0 

2.4 

.0 

.0 

.0 

Sl.f, 

9 

2.1 

12.0 

.0 

3.iJ 

.0 

.0 

.  0 

Sl.l 

DISCUSSION    OF    RESULTS. 


It  will  be  noticed  that,  starting  with  a  mixture  containing  2.1  per 
cent  of  gasoline  vapor,  the  carbon  dioxide  formed  increases  to  a  maxi- 
mum at  2.5  per  cent  of  gasoline  vai)or.     At  this  pohit,  as  the  percent- 
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age  of  gasoline  vapor  is  increased,  carbon  monoxide  begins  to  fonn, 
until  at  4.1  per  cent  there  is  produced  14.0  per  cent  of  carbon  mon- 
oxide. In  other  words,  the  range  of  complete  combustion  for  mix- 
tures of  gasohne  vapor  and  air  is  very  nari'ow,  between  about  1.5 
per  cent,  the  low  limit,  and  about  2.5  per  cent;  therefore  it  is 
difficult  to  run  a  gasoline  engine  without  producing  carbon  mon- 
oxide at  some  time.  The  large  amount  of  oxygen  found  in  the  5  per 
cent  mixture  is  surprising.  This  percentage  is  very  close  to  the 
upper  hmit,  and  during  the  explosion  the  flame  traveled  so  slowly 
it  could  easily  be  followed  by  the  eye.  There  was  no  lurid  flash 
such  as  the  more  active  mixtures  produced  but  only  a  faint  blue 
flame  that  did  not  seem  to  occupy  the  entire  vessel.  In  other  words, 
the  flame  apparently  did  not  spread  through  aU  of  the  mixture. 
Much  better  combustion  is  undoubtedly  obtained  in  a  gas-engine 
cyhnder  with  this  percentage  of  gasoUne  in  the  mixture  admitted. 
In  the  engine  cylinder  the  high  initial  temperature  would  help  fur- 
nish the  necessary  heat  to  inflame  all  of  the  gas  mixture.  After  the 
determination  of  COj,  CnHjn,  Oj,  CO  and  N,  in  the  first  three  samples 
there  remained  considerable  combustible  gas  that  was  chiefly  methane, 
but  no  attempt  was  made  to  determine  its  composition  accurately. 

SUMMARY. 

Two  methods  for  determining  the  content  of  gasoline  vapor  in  air 
are  discussed.  One  has  to  do  with  the  introduction  of  the  mixtm-e 
into  an  exhausted  glass  vessel,  cooling  it  at  the  temperature  of  Uquid 
air,  removal  of  the  air,  and  finally  the  measurement  of  the  partial 
pressure  of  the  gasoline  vapor  by  means  of  a  manometer  attached  to 
the  liquefaction  bulb. 

Another  method  consists  in  burning  the  gasoUne  vapor  in  oxygen 
and,  from  the  contraction  and  carbon  dioxide  produced,  calculating 
the  percentage  of  gasoline  vapor. 

When  a  100-c.  c,  Hempel  explosion  pipette  was  used  and  the 
mixtures  were  ignited  from  the  top,  there  was  obtained  as  the  lower 
hmit  of  complete  inflammation  a  value  lying  between  1.9  and  2.0 
per  cent  of  gasoline  vapor.  The  upper  limit  under  these  conditions 
was  found  to  be  between  5.2  and  5.3  per  cent  of  gasoline  vapor.  The 
gasoline  used  had  a  specific  gravity  of  73°  B.  Under  the  same  con- 
ditions, except  that  the  mixtures  were  ignited  from  the  bottom,  there 
was  obtained  a  value  lying  between  1.5  and  1.6  per  cent  of  gasoline 
vapor  as  the  low  limit.  With  the  same  grade  of  gasoline,  with  a 
2,800-c.  c.  vessel,  and  with  ignition  from  the  bottom  by  means  of  an 
electric  flash  produced  by  puDing  apart  two  wires  tlu'ough  which  a 
current  of  7  amperes  at  220  volts  was  flowing,  there  was  obtained  a 
value  lying  between  1.4  and  1.5  per  cent  of  gasohne  vapor.     The 
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high  hmit  under  these  conditions  lay  between  6.0  and  6.4  per  cent  of 
gasoline  vapor. 

When  the  initial  temperature  is  increased  before  ignition  of  the 
mixtures  the  low  limit  is  gradually  decreased  until  with  an  initial 
temperature  of  400°  C.  the  low  limit  hes  between  1.02  and  1.22  per 
cent  of  gasoline  vapor. 

The  range  of  complete  combustion  for  mixtures  of  gasoline  vapor 
and  air  is  very  narrow,  and  is  between  about  1.5  and  2.5  per  cent* 
The  amoimt  of  carbon  dioxide  produced  reaches  a  maximum  at 
2.5  per  cent  of  gasoline  vapor.  At  this  point,  as  the  percentage  of 
gasoline  vapor  increases,  carbon  monoxide  begins  to  form.  At  4.1 
per  cent  of  gasohne  vapor  there  is  produced  14.0  per  cent  of  carbon 
monoxide. 


•    PUBLICATIONS    ON    PETROLEUM    TECHNOLOGY.  17 

PUBLICATIONS  ON  PETROLEUM  TECHNOLOGY. 
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should  be  addressed  to  the  Director,  Bureau  of  Mines. 

Bulletin  19.  Physical  and  chemical  properties  of  the  petroleums  of  the  San  Joaquin 
Valley,  Cal.,  by  I.  C.  Allen  and  W.  A.  Jacobs,  -n-ith  a  chapter  on  analyses  of  natural  gas 
from  the  southern  California  oil  fields,  by  G.  A.  Burrell.     1911.     60  pp.,  2  pis.,  10  figs. 

Bulletin  88.  The  condensation  of  gasoline  from  natural  gas,  by  G.  A.  Burrell, 
F.  M.  Seibert,  and  G.  G.  Oberfell.     1915.     106  pp.,  6  pis.,  18  figs. 

Technical  Paper  3.  Specifications  for  the  purchase  of  fuel  oil  for  the  Government, 
with  directions  for  sampling  oil  and  natural  gas,  by  I.  C.  Allen.     1911.     13  pp. 

Technical  Paper  10.  Liquefied  products  from  natural  gas,  their  properties  and 
uses,  by  I.  C.  Allen  and  G.  A.  Burrell.     1912.     23  pp. 

Technical  Paper  25.  Methods  for  the  determination  of  water  in  petroleum  and  its 
products,  by  I.  C.  Allen  and  W.  A.  Jacobs.     1912.     13  pp.,  2  figs. 

Technical  Paper  32.  The  cementing  process  of  excluding  water  from  oil  wells  as 
practiced  in  California,  by  Ralph  Arnold  and  V.  R.  Garfias.     1913.     12  pp.,  1  fig. 

Technical  Paper  37.  Heavy  oil  as  fuel  for  internal-combustion  engines,  by  I.  C. 
Allen.     1913.     36  pp. 

Technical  Paper  38.  Wastes  in  the  production  and  utilization  of  natural  gas  and 
means  for  their  prevention,  by  Ralph  Arnold  and  F.  G.  Clapp.     1913.     29  pp. 

Technical  Paper  42.  The  prevention  of  waste  of  oil  and  gas  from  flowing  wells  in 
California,  with  a  discussion  of  special  methods  used  by  J.  A.  Pollard,  by  Ralph  Arnold 
and  V.  R.  Garfias.     1913.     15  pp.,  2  pis.,  4  figs. 

Technical  Paper  45.  Waste  of  oil  and  gas  in  the  Mid-Continent  fields,  by  R.  S. 
Blatchley.     1914.     54  pp.,  2  pis.,  15  figs. 

Technical  Paper  49.  The  flash  point  of  oils;  methods  and  apparatus  for  its  determi- 
nation, by  I.  C.  Allen  and  A.  S.  Crossfield.     1913.     31  pp.,  2  figs. 

Technical  Paper  51.  Possible  causes  of  the  decline  of  oil  wells  and  suggested 
methods  of  prolonging  yields,  by  L.  G.  Huntley.     1913.     32  pp.,  9  figs. 

Technical  Paper  57.  A  preliminary  report  on  the  utilization  of  oil  and  natural  gas 
in  Wyoming,  by  W.  R.  Calvert,  with  a  discussion  of  the  suitability  of  natural  gas  for 
making  gasoline,  by  G.  A.  Burrell.     1913.     23  pp. 

Technical  Paper  66.  Mud-laden  fluid  applied  to  well  drilling,  by  J.  A.  Pollard 
and  A.  G.  Heggem.     1914.     21  pp.,  12  figs. 

Technical  Paper  68.  Drilling  wells  in  Oklahoma  by  the  mud-laden  fluid  method, 
by  A.  G.  Heggem  and  J.  A.  Pollard.     1914.     27  pp.,  5  figs. 

Technical  Paper  70.  Methods  of  oil  recovery  as  practiced  in  California,  by  Ralph 
Arnold  and  V.  R.  Garfias.     1914.     57  pp.,  7  figs. 

Technical  Paper  72.  Problems  of  the  petroleum  industry;  results  of  conferences 
at  Pittsburgh,  Pa.,  August  1  and  September  10,  1913,  by  I.  C.  Allen.     1914.     20  pp. 

Technical  Paper  74.  Physical  and  chemical  properties  of  the  petroleums  of  Cali- 
fornia, by  I.  C.  Allen,  W.  A.  Jacobs,  A.  S.  Crossfield,  and  R.  R.  Matthews.  1914. 
38  pp.,  1  fig. 


18  INFLAMMABILITY    OF    GASOLINE. 

Technical  Paper  79.  Electric  lights  for  oil  and  gas  wells,  by  II.  II.  Clark.  1914. 
8  pp. 

Technical  Paper  89.  Coal-tar  products,  and  the  possibility  of  increasing  their 
manufacture  in  the  United  States,  by  H.  C.  Porter,  with  a  chapter  on  coal-tar  products 
used  in  explosives,  by  C.  G.  Storm.     1915.     21  pp. 

Technical  Paper  104.  Analyses  of  natural  and  illuminating  gas  by  fractional  dis- 
tillation at  low  temperatures  and  pressures,  by  G.  A.  Burrell,  F.  K.  Seibert,  and 
I.  W.  Robertson.     1915.     41  pp.,  7  figs. 

Technical  Paper  109.  Compoeition  of  the  nattiral  gas  xised  in  25  cities,  with  a  dis- 
cussion of  the  properties  of  natural  gas,  by  G.  A.  Burrell  and  G.  G.  Oberfell.  1915. 
22  pp. 

Technical  Paper  119.  The  limits  of  inflammability  of  mixtures  of  methane  and 
air,  by  G.  A.  Burrell  and  G.  G.  Oberfell.     1915.     (In  press.) 

o 


f  : 


